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a wavefront sensor, which 

•^-^vrsr^irtet/r^^^^^^^^^^ — • --^-^ 

provides an estim jouowlng mechanisms, 

sensing is done by any of the adaptive 
1. Oithering. This method continuous ^^^^^ i-^- 

.ptic and monitors ^ ^ ^^^^^ each channel of 

.his method applies VJJV J 

image quality in eac one example of this 

•^v, 1-he set of image qualities. 
optic with the set paper entitled 

approach is found in the technique for high- 

Stochastic parallel-gradient- esc^^^-^^^^ 

resolution wave-front P-=- ^ ^ ^^^^ ^ .eam 
a. Shearing Interferometer. Th - ^^^^^^^ 

,0 create an interference ^^^'^l^' ,„,,rferometer. 
— »avefront and ^ ^^^^^ ^„ ,„ay of lenses 

3. ^-^aC-Hartmann enso ^^^^^^^^ 

and a — f^J^ ^„ ,,3 3„all images are caused by 
onto a detector. Shifts in „avefront to be 

local tilts in the waveform, which allows 

reconstructed. . „es two or more images, 

4. curvature Sensing. This a g 

measured along the path of the "^^^^ J ,3 
curvature of the propagating wave - ^ _ 

propagated, by computer =i»--- ^ Lptive optic in 

.he -----thrt::^— ioned pLlications, 
the method shown within the aro 
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■^.r This arrangement employs 
5. Phase retrieval and d-^^^^J^^^ „„,,,p,e i-na,e. as 

::::rrer. s.s.. . .-e ...... 

the diversity is a 
I„ the most relevant prior aefocusing the 

quadratic phase shift, which i„-focus 
optical syste. and recording. s..u ^^^^^^^^^^ 
i^ge and the defocused image thereby 

0 equipment. advantageous to provide the diversity 

Accordingly, it would be adva g ^^^^^^ 
successive .r^s - ^^^^^^^ 

without requiring any such a 
15 sum»ary of the Invention 

use of diversity imaging (or 

The invention describes the 

determining the -"-^J-/ ^ ^1 system to eliminate the 
control an adaptive optic m the P ^^^^ 

30 aberrations. Diversity ^'^^^"'^ wavelength, or spatial 
each with a ^own diversity -^'^ ^ p3,,,e«rs of the 

•Kr^+-H the unknown 003 eci: ciu^ 
shift, to deduce both ^^^^^ ^^^^^^.^^ 

medium, sequential frames I„mes are the 

^""^^::;^anra"s:;:nti:l pressor is emp^yed to control 
25 diversity images ana 
the adaptive optic. 

BMKF DESCRIPTION OP THE '^^'''^'^^^^ ,„,,i„g system, 

,,q..e 1 is a , ,,^.„..al diversity processor, 

30 which uses an adaptive oi> 

in accordance with the invention; 
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. 2 u a now cart representation of the algor.th. ueea 
Figure 2 is a flo processor of Figure 1; and 

within the sequential diversity p ^ 

ngures 3.-C depict a ^^^^^^^^^ and the 

point source viewed ;J . used to 

— .th the 
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1 the sequential diversity imaging system 12 

- Shown in -^-^ ^' aberrations introduced 
receives an optical "9"^^ ^ " ^ p,3se. through 
by a randomly changing medium. The J ^^^^ ^ 

- aperture 2 and is ---J //^^: ...o." The 
detector 5 is an Adaptive OP^- " ^^^^ which 
detector S is an array of photodiode . ^ 

---- '^Tzr^:!:^^^ - 
:::::: rsrrTi: adiptive optic may r 

controllable reflecting surfaces «hich can be contr ^^^^^^^^^ 

the delay of incident //J,; „s patent. 

• ^=1 also described in the recentxy 
error signal as also ^.^.^^^ .^^^^3, ,3 

The output of detector 5 xs a ^ ^ 

^ ^- (; This sequence of images is the mpuT. 
indicated at 6. This seq processor produces control 

sequential Diversity Processor 7. The P 
.ianals 8 which control the configuration of the AO 
signals 8 wni reduced by the random medium, 

cancel the aberrations introduced by ^^^^^ 
, The AO is a high-resolution device, which allows 

V, • c.n,c such as Zernike polynomial fitting or 
correction mechanisms such a 3ophisticated systems 

complicated wavefront. It is simi 



consumer camcorders. Such an 
quality by about a factor of ten. 

::r: tr.; .,».».■■" -« - ,» 

?,rp used as inputs to a preaicue^ y 
5 versrons of ' ^^^^^^ ..e next frame 

wMch predicts the change ^_ ^ ^^^^^^^ ^.^^^^ 

of the video sequence and controls tne 

• .-..ted at 8 The other inputs to the Predxctxon 
T(k)as xndxcated at 8. T ^^^^^ 

.iqorithm 11 are delayed versions of the con 
,0 TO further describe the flow dxa.ram 'err...o. is due to 

following, notation and assume ^^^^^^^J ^^^^ atmospheric 

an unknown wavefront distortion, whxch xs typxcal 

. 1 .nd Fia 2 we use the following 
Referring to Fig. 1 and Fxg. 2, we u 

25 notation: 

unknown distorting wavefront at time k. 



W(k) = 
T(k) = 



Phase put on the AO at time k. 
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C(k) = compensated phase to be estimated by a 
diversity algorithm = W(k) +T(k) (1) 
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= Measured image at time k. 
= Diversity phase. 



•H r a diversity algorithm where I(k-l) is the first image 
we consider a diversity convention the 

X Tfv\ is the diversity image. Witn T.nx^ 

V La'e is the change in the AO phase fro. ti™e K-1 to 
diversity phase if 

time k. Thus, 
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D(k) = T(k) - T(k-l) (2) 



H diversity algorithm is set up to estimate C(k), the 
The phase diversity aig ^^^^ _ ^^^^^ .^^ 

compensated phase at time k. Call the 



15 from equation (1)/ 

Q(k) = Wl(k) + T(k) , 
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w(k) the unknown phase at time k. 
u ^„ w^ iv\ is an estimate or w{K), uiic 

! T . so it need not .e estimated.) At ti,ne . . 1 we 
Tui Ti. to s he .0 Phase to the negative o. the unknown 

would llKe to aci- 

V4.1 we do not know W at time k+i 
wavefront at time k+1. We do 

the wavefront at time k, namely, wi^k, 
have an estimate of the wavei ^.^ 

„U1 be a ,ooa estimate of «° "P^^^" 

the time constant o£ the changing medi». Thus, we 

(4) 

T(k+1) = - Wl{k) , 
„hich wiU tend to cancel the wavefront distortion at 
solving (3, for wl.U and substituting it into <4,,-ehave 
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T(k+1) 



= - Q(k) +T(k) , 



which implies 

(5) 



nhase we put (5) into (2) to get 
Turning to the diversity phase, P 

0 D(k)= ( - Q(k-1)+ T(k-l))- T(k 1) 

• f ication for the diversity phase at time k. 
This is the specification ro 

t (6) into (5) to get a new expression for the AO 
Finally, we put (6) into \ 

15 phase: 

(7) 

T(k) = T(k-1)+ D(k) . 

. ,6> .nd H) 9ive us the recipe we sought. The AO 
E^at.ons (6 ^ ^„ pi., the diversity phase, 

20 phase, KM- ^= '^"^ P'^^"""" . \ native of the diversity 
DU); and the diversity phase is the negatr 

ai,orith..s output ^^'^^^ i„ n,. 2. 

,,ese are i^.es X,.-l> and 

inputs to ,„.pensated phase; the 

" rre drversItr^O,.. and a .eed.ac. ioop caicuiates ... 

sequential diversity imager. The , ^^^^ ^^^^ 

30 a star. The first pairs of ^ J/^^ the 

- 3. -herein ^^^^^^Z SZ^^^- - — 
uncompensated images in each of 



as 
shown 
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—rz ::: :r:v:::r; ....... 

imaged through the earth's atmosphere. • , the 

. is^e o. ..e ..a. ,uau.. ^ ^i:' i/: 



10 0.045 



' ential diversity imaging technique produced the images 

The sequential diversii-y y . ^ The average Strehl 

^- above each twinkling image. The average 

shown directly above ea , „ ..^ This is an improvement 

ratio for the compensated images is 0.467. 

of about a factor of 10. , ^ of the 

. n that in our simulation the time constant of the 

.5 We note that m oui. = 

this simulation, eight times snoj-L 

„ „„...... ....... nr-r::;r.:.:;;:::..:» ... 

one millisecond. , ^ +-hP 

. .... S..e« ».ic o, - r: IplLe. .a. 

Of about 14 in the image quality, over tne 

1.0 When halved the atmospheric ti.e constant to 4 the 
Stteh. .t^o ..Pto^ea o... to O..., a„ ^se .n ..a.e 

30 =,r r: i:— e.. ^-^::::-^:zl 

OA ^m::^n^ seaueHce and the average j 
.o 16 .3 si,ni.icantlv, whe„ the 

still improved - by a tactor ua. 
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time constant time was very small and the processor was unable to 
keep up with the rapidly changing atmosphere, it nonetheless 
recovered, without catastrophic failure. That is, the processor 
is self -correcting. 
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